The phosphoinositide-dependent signal transduction pathway has been implicated in the control of a variety of biologic processes, such as the regulation of cellular metabolism and homeostasis, cell proliferation and differentiation, and apoptosis. One of the key players in the regulation of inositol lipid signaling is the phospholipase Cb1 (PI-PLCb1), that hydrolyzes phosphatidylinositol 4,5-bisphosphate [PtIns(4,5)P2], giving rise to the second messengers inositol triphosphate and diacylglicerol.
OXIDATIVE STRESS IS THE result of an imbalance between the production of reactive oxygen species (ROS) and the available antioxidant defense. Resistance to oxidative stress is important for cellular survival and cancer prevention. In fact, sublethal levels of ROS (,0.7 mM) can promote proliferation, genomic and epigenetic alterations, differentiation, and survival in leukemic cells; higher ROS levels (.1 mM), however, can cause severe oxidative stress that leads to cell death (1) . Increased ROS generation has been associated with the onset of cancer, diabetes, and neurodegenerative diseases (2) . An increase in ROS is also observed in aging, probably as a consequence of free radical accumulation linked to a decreased antioxidant defense and mithocondrial dysfunction/inefficiency (3) . Several recent studies have proved conclusively that alteration of cellular redox omeostasis is a distinctive attribute of various types of leukemia, where ROS levels were observed to be significantly higher than in normal cells (4) (5) (6) . Numerous major signaling pathways can be activated by oxidative stress (7, 8) , eventually resulting in changes in gene expression, which influence the ability of the cell to survive or not.
Among these, changes in the metabolism of phosphoinositides and their elicited signaling pathways have been associated with the regulation of cellular responses to oxidative stress. Peroxide exposure induced the increase of phosphoinositide-5-phosphate in various cell lines (9, 10) and stimulated the activity of Akt/PKB, a downstream target of phosphatidylinositol-3,4,5 phosphate (11-13), and Abbreviations: 7-AAD, 7-amino-actinomycin D; DAG, diacylglicerol; IP3, inositol triphosphate; MDS, myelodysplastic syndrome; mIL-3, mouse Interleukin-3; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide; pBB, pBmz Blast; PBST, PBS containing 0.1% Tween-20; PIPLCb1b, phosphoinositide-dependent phospholipase Cb1b;
(continued on next page) the function of phosphoinositide-specific phospholipase C isoforms, especially b-1 and g-1 (14, 15) . Although the increase in phosphoinositide-5-phosphate and the activation of Akt promotes cell viability, as a cellular defense mechanism against stress-induced apoptosis, phosphoinositidedependent phospholipase Cs play a role in promoting apoptosis (16) , as well as protecting cells from death (17, 18) .
The phosphoinositide-dependent phospholipase Cb1, isoform b (PI-PLCb1b), is one of the 2 existing forms of PIPLCb1 produced by alternative splicing. The 2 isoforms, a and b, only differ at the C-terminal region, which results in a different cellular localization, with PI-PLCb1b being preferentially located within the nucleus (19, 20) . Over the last 2 decades, PI-PLCb1 has been implicated with several cellular processes, including cell growth and proliferation (21) , cell cycle regulation (22, 23) , and cellular differentiation (24) (25) (26) . Recently, the protein interaction network of nuclear PI-PLCb1b was analyzed, highlighting the existence of multiprotein complexes in which PI-PLCb1b was associated with proteins involved in cellular metabolic processes (e.g., response to oxidative stress), nuclear transport, and regulation of apoptosis (27) . These findings strengthen the hypothesis that PI-PLCb1 might exert its function not only via the generation of second messengers, but also directly associating with other signaling mediators. Our group has demonstrated that PI-PLCb1 is involved in the pathophysiology of myelodysplastic syndrome (MDS) and in the induction of both myeloid and erythroid differentiation (28) . One of the initial steps in the evolution to leukemia is the loss of sensitivity to either proapoptotic stimuli or the dependence on hematologic growth factors. As an IL-3-dependent pro-B cell line whose reliance on IL-3 for growth and survival can be altered under diverse conditions, the Ba/F3 cell line represents an excellent model to study the initial events of leukemogenesis. For this reason, we sought to characterize the function of PIPLCb1b in Ba/F3 cells. Our results demonstrate that PIPLCb1b expression promotes entry into S-phase of the cell cycle and reduces the dependence of the cells on IL-3. In oxidative stressed cells, PI-PLCb1b has an effect on cell cycle regulation, on the activation of effector caspases, and on the activity of several stress-responsive kinases, such as Erk1/2, Akt, and protein kinase R (PKR), thus promoting cell survival. As a consequence, cells expressing PI-PLCb1b when treated with lethal doses of H 2 O 2 , demonstrated a resistance to cell death, confirming a protective role of PIPLCb1 against apoptosis, as was reported previously (14) .
MATERIALS AND METHODS

Cells culture and reagents
Ba/F3 cells were transfected with either an empty pBmz Blast (modified with Blasticidin resistance) (pBB) retroviral vector or pBB containing rat PI-PLCb1 isoform b as previously described (27) . The resultant cell lines were maintained in culture in RPMI 1640 medium supplemented with 10% (v/v) fetal calf serum, 2 mM L-glutamine, and 5% (v/v) mouse interleukin-3 (mIL-3) (conditioned media from X63-Ag-653 cells). U73122 and Perifosin were from Sigma-Aldrich (St. Louis, MO, USA), MK-2206 was from Selleck Chemicals (Houston, TX, USA). Where not otherwise specified, all the chemicals and reagents were from SigmaAldrich.
Cell viability assay
Cells (4 3 10 3 ) were washed twice with sterile 13 PBS and were then cultured in a 96-well plate in 100 ml RPMI 1640 medium supplemented with 10% (v/v) fetal calf serum and decreasing concentrations of recombinant IL-3 (rIL-3) (Life Techonologies, Gaithersburg, MD, USA) ranging from 10 to 0.01 ng/ml. Cells were incubated for 24, 48, 72, and 96 hours, and cell viability was assessed with a 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay (Roche Diagnostic GmbH, Mannheim, Germany). Briefly, 0.5 mg/ml of MTT labeling reagent was added to each well and incubated for 4 hours. Purple formazan crystals were solubilized by adding 100 ml of the solubilization solution overnight. The plate was subsequently read on an Infinite M200 photometer (Tecan Group Ltd., Männedorf, Switzerland) at a wavelength of 570 nm. Colorimetric readings were normalized against plates of nontreated cells under identical culture conditions. The experiment was performed 3 times, each time in triplicate.
Apoptosis assay
Apoptosis was evaluated by flow cytometry analysis with the Phycoerythrin Annexin V detection kit I (BD Biosciences, San Jose, CA, USA), exploiting the binding of PE-conjugated Annexin V for the detection of apoptotic and necrotic cells. Secondary staining with 7-amino-actinomycin D (7-AAD) allowed for the identification of early apoptotic cells. Cell staining was performed according to the manufacturer's instructions. Fluorescence resulting from PE and 7-AAD was measured at 530 and 620 nm, respectively. Samples were analyzed by BD FACS Canto II (Becton Dickinson, San Diego, CA, USA), and data were analyzed using the FACS Diva software (Becton Dickinson).
Western blot analysis
Cells were lysed in RIPA lysis buffer containing the Complete EDTA-free protease and PhosSTOP inhibitor cocktails (Roche Diagnostic GmbH), calpain I and calpain II inhibitors (Merck KGaA, Darmstadt, Germany), and 25 U/ml benzonase. The protein concentration was determined by the Bradford Protein Assay (Bio-Rad, Hercules, CA, USA) according to the manufacturer's indications, and 80 mg of cellular lysate was separated by SDS-PAGE on 4-15% gradient gels (Bio-Rad) or 10% standard gels. Gels were transferred onto nitrocellulose membranes and blocked in 5% nonfat dry milk in 13 PBS containing 0.1% Tween-20 (PBST) and then incubated in primary antibody in 1% nonfat dry milk in PBST. Membranes were washed in 13 PBST and incubated for 1 hour in the appropriate secondary antibody in 1% nonfat dry milk in PBST. Primary antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA): a-PLCb1 (sc-9050), a-caspase-3 (sc-7148), a-Parp1 (poly (ADP-ribose) polymerase; sc-7150), a-p53 (sc-6243), a-Bcl2 (B cell lymphoma 2; sc-7382), a-Bax (sc-7480), a-p21 (sc-397), a-cyclin A (sc-596), a-Akt (sc-1618); from Cell Signaling Technologies (Danvers, MA, USA): a-caspase-7 (9492), a-cyclin D3 (2936), a-cyclin E (4129), a-Erk1/2 (527460), a-pErk1/2 (4370), a-pAkt (4058), a-PTEN (9559), PKR, protein kinase R; PTEN, phosphatase and tensin homolog; PtIns(4,5)P2, phosphatidylinositol 4,5-bisphosphate; rIL-3, recombinant IL-3; ROS, reactive oxygen species; STAT, signal transducer and activator of transcription (continued from previous page) a-pPTEN (9554); from Abcam (Cambridge, United Kingdom): a-PKR (ab58301) and a-pPKR (ab4818); and from Merck KGaA: a-GAPDH (MAB374). The incubation was performed overnight at 4°C or for the indicated time at room temperature. The blots were washed 3 times with 13 PBST, detected using SuperSignal West Pico Reagent (Pierce, Rockford, IL, USA), and visualized in a ChemiDoc digital imaging station (Bio-Rad). Membranes used to detect phosphorylated proteins were blocked in 5% bovine serum albumin and washed in 13 Tris-Buffered Saline containing 0.1% Tween-20. Band intensity was determined by densitometry using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Cell cycle analysis
The number of cells in each phase of the cell cycle was evaluated with propidium iodide staining of ethanol-fixed cells, and flow cytometry analysis was performed as previously described (29) . Briefly, 1 3 10 5 cells were washed in 13 PBS and fixed in 5 ml of cold 70% ethanol at 4°C for $2 hours. After washing, cells were incubated with 100 mg/ml RNAse and 20 mg/ml propidium iodide for 30 minutes. Samples were analyzed by BD FACS Canto II (Becton Dickinson), and the proportions of cells in the G1-, S-, and G2-phases of the cell cycle were determined using the FACS Diva software (Becton Dickinson).
Antibody arrays
For antibody arrays, 500 mg of cellular extracts was incubated with the Phospho-Kinase Array Kit (Proteome Profiler; R&D Systems, Abingdon, United Kingdom) following the manufacturer's instructions. As the array was tested for human phospho-kinases, we considered only those proteins that shared .95% homology with mouse ortholog (BLAST alignment, www.ncbi.nlm.nih.gov) and in which the phosphorylation site was conserved (PhosphoSitePlus, www.phosphosite.org). Densitometry values were estimated by the ImageJ software and were expressed as arbitrary units. Multiple film exposures were used to verify the linearity of the samples analyzed and to avoid saturation of the film. In antibody arrays, the average signal of the pair of duplicate spots, representing each phosphorylated kinase protein, was calculated after subtraction of background values (pixel density) from negative control spots and normalization to average values from positive control spots.
Statistical analysis
Data are presented as the mean 6 SD for the indicated number of independently performed experiments (at least n = 3) and were analyzed by Student t test or 2-way ANOVA. All statistical analyses were done, and all graphs generated, using the GraphPad Prism, v.5.0 software (GraphPad Software, La Jolla, CA, USA).
RESULTS
Proliferation of IL-3-dependent pro-B lymphoid cells is influenced by PI-PLCb1b at sublethal doses of IL-3
To elucidate the role of PI-PLCb1b in pro-B lymphoblastic cells, PI-PLCb1b was stably transfected into Ba/F3 cells as previously described (27) ; Ba/F3 cells transfected with PIPLCb1b or the empty vector are indicated as pBB-PLCb1b and pBB-ev, respectively. As Ba/F3 cell proliferation is IL-3 dependent, this cell line is often used as a model to study the effect of protein kinases and downstream signaling on cell proliferation and transformation. Ba/F3 cells were cultured with decreasing concentrations of rIL-3 ( Fig. 1) , and the rate of mitochondrial metabolism/cell growth (a measure of cell viability) was evaluated with the MTT assay. No differences in pBB-PLCb1b and pBB-ev cell viability were observed between cells cultured in the optimum concentration of IL-3 conditioned medium (mIL-3, corresponding to 20 ng/ml), as well as when deprived of rIL-3 (1 and 0.1 ng/ml). In the latter case, the viability drops to 50% (1 ng/ml of rIL-3) and 20% (0.1 and 0.01 ng/ml of rIL-3) after 24 hours; the cells cultured in 0.1 ng/ml were virtually all dead after 48 hours. In contrast, although no significant difference was observed in the viability of Ba/F3 pBBev or pBB-PLCb1 cultured for 24 h in the presence of 10 ng/ml rIL-3, the viability of pBB-PLCb1b cells was significantly higher than pBB-ev by 48 hours, but comparable with the standard culture condition, indicating that PI-PLCb1b could exert a proproliferative effect at sublethal doses of mIL-3.
PI-PLCb1b expression in lymphoid cells confers resistance to oxidative stress-induced apoptosis
As different PI-PLC isoforms were previously reported to be involved in the apoptotic response to oxidative stress, the ability of H 2 O 2 or the DNA damaging agent (mitomycin C) to induce apoptosis in Ba/F3 cells expressing pBBPLCb1b and pBB-ev was examined. Cell viability was determined with cell counting using Trypan blue exclusion 3 ) from pBB-PLCb1b and pBB-ev were grown for 24, 48, 72, and 96 hours in standard conditions (mIL3, murine IL-3 conditioned medium) and with decreasing concentrations of recombinant IL-3 (rIL-3): 10, 1, and 0.1 ng/ml. Cell viability was determined with an MTT assay. Graphs are presented with percent cell viability and SD for the respective independent experiments (n = 3). Statistical analysis was performed using a Student's t test. ***P , 0.001.
( Fig. 2A) . In response to H 2 O 2 , pBB-PLCb1b cell viability was 30% and 40% higher, after 24 and 48 hours of stimulation, respectively, compared with pBB-ev ( Fig.  2A) . No differences were observed when inducing DNA damage with mitomycin C. To confirm that PI-PLCb1b expression in Ba/F3 cells stimulated with H 2 O 2 conferred a resistance to oxidative stress-induced apoptosis, pBB-PLCb1b and pBB-ev were stained with annexin V and 7-AAD and analyzed by flow cytometry (Fig. 2B ). Treating cells with mitomycin C led to 80% apoptotic cells in both pBB-PLCb1b and pBB-ev pools within 24 hours. In contrast, following 24 hours of H 2 O 2 exposure, only 20% of pBB-PLCb1b cells were positive for apoptosis compared with 70% of pBB-ev. Furthermore, these results demonstrate that PI-PLCb1b exerted a protective effect specifically against oxidative stress-induced apoptosis.
PI-PLCb1b protects cells from death influencing caspase-3-and -7-dependent apoptosis on H 2 O 2 exposure As H 2 O 2 -treated pBB-PLCb1b cells were more viable compared with pBB-ev cells (at 24 hours), we investigated the potential cause of the apoptotic delay resulting from PLCb1 forced expression. Bright field microscopy revealed that treatment with H 2 O 2 for 6 hours did not affect either pBB-PLCb1b or pBB-ev cell morphology, as both exhibited the same phenotype as their respective untreated controls (Fig. 3) . In contrast, following 24, 48, and 72 hours of treatment with H 2 O 2 , pBB-ev cells were clustered and presented with the typical signatures of cells undergoing death ( Fig. 3 and Supplemental Data) (30, 31) . However, pBB-PLCb1b cells appeared to have the same phenotype as untreated cells. Peroxide exposure eventually induced apoptosis in pBB-PLCb1b cells, but following a delay of $24 hours, as reflected by the changes in cell morphology (Supplemental Data). Additionally, the expression of the typical apoptotic markers was investigated to determine which apoptotic pathway(s) could be influenced by PI-PLCb1b. Cells were stimulated with 250 mM H 2 O 2 for diverse amounts of time (Fig. 4) , and the expression of caspase-3, caspase-7, Parp-1, p53, Bcl2, and Bax was evaluated by Western blot analysis. In H 2 O 2 -treated pBB-ev cells, between 24 and 48 hours, the inactive procaspase-3 was completely cleaved to its active form as was Parp-1, a downstream targets of caspase-3. In cells expressing PLCb1b, a delay of 24 hours for the complete cleavage of both caspase-3 and Parp-1 was observed, which could in part explain the morphologic differences observed between the cell lines following H 2 O 2 exposure. Notably, pBB-PLCb1b cells showed a complete absence of caspase-7 cleavage, which can explain the morphologic differences at 24 hours of H 2 O 2 exposure. Unlike pBB-PLCb1b, H 2 O 2 -induced apoptosis led to an increase in the levels of p53 in pBB-ev cells, and the expression of both Bax and Bcl2 in pBB-PLCb1b cells was lower compared with pBB-ev, whereas the Bax/Bcl2 ratio was higher in pBB-ev cells, characteristic of cells more sensitive to apoptosis (32) . Taken together, these results further confirmed the role of PI-PLCb1 in protecting cells from oxidative stress, giving insight into the molecular pathways that could be regulated. It has been extensively demonstrated that PI-PLCb1 is involved in the cell cycle regulation of erythroleukemia (MEL) cells, both stimulating the progression through the G1-phase and mediating the G2/M transition (22, 23) . Cell cycle analysis of pBB-PLCb1b and pBB-ev cells, stimulated with H 2 O 2 or left untreated, was undertaken to assess whether PI-PLCb1 acted as a cell cycle regulator in acute lymphoid leukemia cells. Cells were stained with propidium iodide for the indicated time points and analyzed by flow cytometry (Fig. 5A, B) . As it is shown in the plots and statistically represented as histograms, the expression of PI-PLCb1b increased the percentage of cells in the S-phase of the cell cycle in standard growing conditions, only after 2 hours, compared with pBB-ev (Fig. 5A) . After 24 hours, 16% of pBB-ev cells were found in S-phase. On the contrary, 46% of pBB-PLCb1b cells were in the S-phase. After 48 hours, although .60% of pBB-ev cells were arrested in G0/G1, slightly .40% of the cells expressing PI-PLCb1b were in the G1-phase of the cell cycle. Because H 2 O 2 stress resulted in enhanced S-phase accumulation in PI-PLCb1b cells, we evaluated the proliferation of PI-PLCb1b and pBB-ev cells both with Trypan blue exclusion and the MTT assay at 0.5, 2, 4, 6, 24, and 48 hours under standard growing conditions with newly added IL-3 (mIL-3 conditioned medium; Fig. 5C ). Whereas no differences between pBB-PLCb1b and pBB-ev cells emerged as cellular metabolic activity (Fig. 5C, right) , there was a difference of 0.6-fold more pBB-PLCb1b viable cells compared with pBB-ev after 24 hours (Fig. 5C, left) . These results demonstrated that PI-PLCb1b induces pro-B cells to cycle, promoting the S-phase and resulting in a proproliferative phenotype, without altering the mitochondrial activity. The exposure to H 2 O 2 induced pBB-ev cells to arrest in G0/G1 immediately after 2 hours (+20% compared with untreated cells ; Fig. 5B) ; however, .50% of PI-PLCb1b cells were found in the S-phase compared with the 26% of pBB-ev, indicating that the effect of PI-PLCb1b on cell cycle regulation overcame the apoptotic stimulus induced by H 2 O 2 , as was observed in Fig. 4 .
PI-PLCb1 induces the up-regulation of cyclin A and cyclin E
Cells were stimulated with 250 mM H 2 O 2 , or left untreated, for diverse amounts of time (Fig. 6) , and the expression of p21, cyclin A, cyclin D3, and cyclin E was evaluated by Western blot analysis. Although p21 was poorly induced following H 2 O 2 treatment, cyclins appeared to be mainly affected in PI-PLCb1b expressing cells. Cyclin A expression was observed to be slightly elevated in pBB-PLCb1b cells compared with the control, whereas no significant differences were detected in the profile of cyclin D3. Notably, cyclin E was found to be constitutively expressed at a higher level in PI-PLCb1b expressing cells compared with pBB-ev cells. As the cyclin E:cdk2 complex is required for the transitions G1/S of the cell cycle, these results could explain the elevated percentage of pBB-PLCb1b cells in S-phase.
Inhibition of PI-PLCb1 has an effect on both oxidative stress-induced apoptosis and the cell cycle Cells were treated with 10 mM of U73122 for 1.5 hours, and then 250 mM of H 2 O 2 was added for 24 hours. Apoptosis was examined by staining with Annnexin V-7AAD (Fig. 7A) , Figure 3 . PI-PLCb1b induces morphologic changes in IL-3-dependent lymphoid cells. Cells (pBB-PLCb1b and pBB-ev; 1 3 10 7 ) were cultured in a 6-multiwell plate, treated with 250 mM H 2 O 2 , or left untreated. After 6 and 24 hours, cells were observed under a bright field light microscope (Axio Observer.A1 microscope, equipped with an AxioCamHR3; Carl Zeiss, Jena, Germany), and images were acquired using a 332 lens, with the software AxioVision, v.4.7.2.0.
cell proliferation by cell counting with Trypan blue exclusion (Fig. 7B) , and cell cycle by staining with propidium iodide (Fig. 7C) . As shown in Fig. 7A , B, the PI-PLCs inhibitor U73122 had little effect on apoptosis in pBBPLCb1b cells not exposed to H 2 O 2 , whereas it had a significant increase in the percentage of cells arrested in G0/ G1-phases of the cell cycle (Fig. 7C) . In contrast, when cells were treated with H 2 O 2 in the presence of the inhibitor, the number of cells in S-phase did not significantly differ from that observed in both untreated and H 2 O 2 -treated cells, whereas the percentage of cells in G2/M slightly increased. Moreover, H 2 O 2 treatment of pBB-PLCb1b cells in the presence of U73122 resulted in a significant increase of Annexin V-positive cells and in a 20% decrease in viability.
PI-PLCb1b influences the activity of protein kinases involved in the response to cellular stress ROS produced by H 2 O 2 can be considered as an intracellular second messenger that can regulate the activity of several protein kinases. For this reason, changes in the phosphorylation level of critical residues required for the activity of common protein kinases were analyzed in pro-B lymphoblastic cells expressing PI-PLCb1b under basal conditions (Fig. 8A) and following exposure to 250 mM of H 2 O 2 for 1 h (Fig. 8B) . We used a phospho-protein array that specifically screens for relative levels of phosphorylation of protein kinases involved in cellular proliferation and survival. Cells expressing PI-PLCb1b showed a significant up-regulation of Akt (Ser473) and cAMP response element-binding protein phosphorylation, whereas the signal transducer and activator of transcription (STAT)5 family was strongly down-regulated (only STAT3 presented with an increased phosphorylation level). Interestingly, in Ba/F3 cells that expressed PI-PLCb1b and were treated with H 2 O 2 , 12 of 18 protein kinases exhibited a significant down-regulation of their phosphorylation levels. Notably, phosphorylation of MAPK (Erk1/2), JNK, p38 MAPK, mitogen-and stress-activated protein kinase-1/2, and c-jun, which are involved in the response to cellular stress and H 2 O 2 , were down-regulated by PI-PLCb1b. The only exception was represented by Akt, whose phosphorylation on Ser473, required for its catalytic activity, remained higher were treated with 250 mM H 2 O 2 and cultured in a 6-multiwell plate for 2, 4, 6, 24, 48, and 72 hours. Protein lysate (80 mg) were separated in a 4-15% gradient SDS-PAGE and immunoblotted with specific antibodies directed against PI-PLCb1 (1:500, overnight), caspase-3 (1:500, overnight), caspase-7 (1:1000, overnight), Parp-1 (1:1000, 2 hours), p53 (1:500, overnight), Bcl2 (1:500, overnight), Bax (1:500, overnight), and GAPDH (1:8000, 1 hour). Graph bars represent the ratio between Bax and Bcl2 in pBB-ev (white histograms) and pBB-PLCb1b cells (black histograms), expressed as densitometric arbitrary unit (a.u.). in pBB-PLCb1b cells compared with pBB-ev, also after treatment with H 2 O 2 . To further confirm these data, pBBPLCb1b and pBB-ev cells were exposed to H 2 O 2 for 0.5, 2, 4, 6, 24, 48, and 72 hours or left untreated, and the expression and phosphorylation of Akt and Erk1/2 were evaluated by immunoblotting ( Fig. 8C and Supplemental Data). The expression of Akt was up-regulated in cells expressing PI-PLCb1b and treated with H 2 O 2 ; p-Akt was instead barely detectable in pBB-ev untreated cells, whereas it was activated shortly after stimulus (up to 2 hours). In untreated pBB-PLCb1b cells, however, Akt was highly activated, and the phosphorylation remained high, compared with the control, even following exposure to H 2 O 2 . Conversely, the expression and phosphorylation of PTEN was down-regulated in pBB-PLCb1b cells, both untreated and treated, compared with their respective controls. Although the expression of Erk1/2 was not significantly different in pBB-PLCb1b and pBB-ev untreated cells, exposure to H 2 O 2 in cells expressing PI-PLCb1b negatively affected Erk1 expression. Phosphorylation of Erk1/2 was completely inactivated in H 2 O 2 -treated pBB-PLCb1b cells.
Another protein kinase activated in response to diverse stress signals is the interferon-induced, double-stranded RNA-activated protein kinase PKR. In fact, it was reported that PKR activity augmented in leukemic cells, following treatment with H 2 O 2 (33). Because PKR was not included in the phospho-array, the expression and phosphorylation of PKR were investigated by immunoblotting following H 2 O 2 exposure. As expected, PKR activation was prolonged in H 2 O 2 -stressed pBB-ev cells compared with untreated cells. Surprisingly, both PKR expression and phosphorylation were influenced by the expression of PI-PLCb1b. Not only was PKR activity completely abolished in untreated pBB-PLCb1b cells, but the kinase, although expressed, was also not responsive to treatment with H 2 O 2 .
The allosteric Akt inhibitor, MK-2206, induces pBB-PLCb1b cells to arrest the cell cycle
To assess whether the inhibition of Akt has an effect on cell proliferation and apoptosis of pBB-PLCb1b cells, the orally active, allosteric Akt inhibitor MK-2206 was used. Cell were treated with 1 mM of MK-2206 for 1.5 hours and then exposed to 250 mM of H 2 O 2 for 24 hours. Apoptosis was examined by staining with Annexin V-7AAD (Fig. 9A) , cell proliferation by cell counting with Trypan blue exclusion (Fig. 9B) , and cell cycle by staining with propidium iodide (Fig. 9C ). As shown in Fig. 9A , B, MK-2206 did not induce any effect on apoptosis and cell viability of both pBB-ev and pBB-PLCb1b cells, whereas in combination with H 2 O 2 , the percentage of cells positive to annexin V increased in both pBB-ev and pBB-PLCb1b cells, with respect to cells only treated with H 2 O 2 . The same results were obtained treating cells with another Akt inhibitor, the alkylphospholipid perifosine (20 mM; Supplemental Data), whereas no differences were observed targeting the MAPK pathway using the inhibitor PD98059 (20 mM; Supplemental Data). Finally, the effect of MK-2206 on the cell cycle was analyzed (Fig. 9C) , and although pBB-PLCb1b cells treated with MK-2206 alone arrested in Go/G1, the combination with H 2 O 2 induced the cell cycle to arrest in G2/M.
DISCUSSION
In this study, we investigated the role of PI-PLCb1b expression in Ba/F3 cells exposed to lethal doses (250 mM) of H 2 O 2 . Previous findings reported that different isoforms of phospholipase C can exert an important protective function during the cellular response to oxidative stress. In particular, PI-PLCg1 activation enhances cell survival of murine fibroblasts exposed to H 2 O 2 , through an increase of PKC-dependent Bcl2 phosphorylation and inhibition of caspase-3 (17) . Also, PI-PLCb1 has been shown to protect murine fibroblasts (NIH3T3) from cell death occurring in response to oxidative stress, without further investigating the signaling pathways that were affected (14) . Our results show that PI-PLCb1b exerts a protective effect against apoptosis in pro-B lymphoblastic cells, and this function was specifically observed in response to oxidative stress, whereas cells were not responsive following treatment with a DNA damaging agent, mitomicin C. In Ba/F3 cells, PIPLCb1b expression causes a delay in caspase-3 activation, abrogates caspase-7 cleavage, and affects the activity of several protein kinases implicated in the response to stress. Exposure of cells to oxidant stress in the form of H 2 O 2 induces the activation of diverse signaling pathways, among which are MAPK (Erk1/2), JNK, p38 kinase, and the PI3K/Akt axis. JNK and p38 are frequently associated with the induction of apoptosis, whereas Akt is implicated in cell survival and protection from apoptosis. Erk1/2 has been demonstrated to contribute to both protecting and/or promoting apoptosis, depending on the cell type and organ (34) . In our case, PI-PLCb1b expression in H 2 O 2 -treated cells completely abolished the phosphorylation of Erk 1/2, whereas the phosphorylation of Akt on S473, required for its catalytic activity, remained elevated compared with control cells. It is known that Erk-mediated apoptosis can occur through the suppression of PI3K/Akt axis; thus, the 2 signaling transduction pathways work sinergically to lead cells to apoptosis or survival depending on the balance of their activity (35) . As was previously reported, under oxidative stress, inhibition of Erk1/2
Methods and analyzed by flow cytometry. Plots and histograms are representative for the distribution of cells in the different phases of the cell cycle. Graphs are presented with percent of the total number of cells and SD for the G1, S, and G2 phase of the cell cycle and for the number of independent experiments (n = 3). Statistical analysis was performed using a Student's t test. ***P , 0.001. C) pBB-PLCb1b and pBB-ev cell proliferation was assessed in a standard growing condition. Cell viability was determined counting cells with Trypan blue exclusion (left) and performing a MTT assay (right) as detailed in Materials and Methods. Cells were analyzed at 0.5, 2, 4, 6, 24, and 48 hours. T 0 represents the cell viability prior to the addition of fresh IL-3 conditioned medium. Graphs are presented with fold increase and SD for the respective independent experiments (n = 3). Statistical analysis was performed using a Student's t test. *P , 0.05 and **P , 0.01.
potentiates Akt phosphorylation, resulting in an increase of cell survival; conversely, once Erk1/2 is activated, it can mediate the suppression of Akt, propagating the signal that leads to cell death (36, 37) . This condition was found to be specific for cells exposed to H 2 O 2 ; in fact, treatment with antioxidants or ROS scavengers prevents the activation of Erk1/2. We showed that PI-PLCb1b represents an upstream mediator that provokes the suppression of Erk1/2 phosphorylation causing activation of the Akt signaling pathway. PI-PLCb1b expression induces down-regulation of Erk1/2 and a sustained phosphorylation of Akt under normal growth conditions. PKR is a dsRNA-dependent protein kinase activated in response to diverse stress signals, including H 2 O 2 . It has been reported that PKR activation occurs in acute leukemia cell lines, which present as PTEN null (38) . Interestingly, in high-risk MDS patients, the presence of active PKR correlates with an increased phosphorylation of Akt and a decrease in PTEN levels (39) . Additionally PI-PLCb1 exerts an influence on Akt both in high-risk and low-risk MDS, and an inverse correlation between PIPLCb1 expression and Akt phosphorylation has been demonstrated (40) . Here we report that the expression of PI-PLCb1 in pro-B lymphoblastic cells abrogated PKR phosphorylation on T451 while sustaining p-Akt. Moreover, PI-PLCb1 prevents PKR phosphorylation following H 2 O 2 treatment. All together, these findings strengthen our hypothesis that a regulatory axis PI-PLCb1/PKR/Akt exists and is required for leukemic cell fate, balancing cell proliferation/survival, differentiation, and resistance to stress. However, we found that the prosurvival effects of PI-PLCb1b expression had little to do with the observed induction of Akt activity, at least via the classic pathway where Akt is recruited to the phosphatidylinositol (3,4,5)-trisphosphate via the Pleckstrin homology domain, where it was more related to the regulation of the cell cycle.
Ba/F3 cell cycle analysis revealed that PI-PLCb1b promotes cell proliferation, inducing cells in the S-phase and increasing the proliferation rate. This effect is likely mediated by Akt, because the inhibition of its activity induced Figure 6 . Cyclin A and cyclin E expression is up-regulated in pBB-PLCb1b cells. Cells (pBB-PLCb1b and pBB-ev; 1 3 10 7 ) were treated with 250 mM of H 2 O 2 or left untreated and cultured in a 6-multiwell plate for 0.5, 2, 4, 6, 24, 48, and 72 hours. Protein lysates (80 mg) were separated in a 4-15% gradient SDS-PAGE and immunoblotted with specific antibodies directed against: p21 (1:500, overnight), cyclin A (1:500, overnight), cyclin D3 (1:1000, overnight), cyclin E (1:1000, overnight), and GAPDH (1:8000, 1 hour). Figure 7 . Inhibition of PI-PLCb1 affects both the prosurvival response to oxidative stress-induced apoptosis and the cell cycle of pBB-PLCb1b cells. Cells (pBB-PLCb1b and pBB-ev; 5 3 10 6 in a 12-multiwell plate) were treated with 10 mM U73122 for 1.5 hours, and then 250 mM H 2 O 2 was added for 24 hours. Apoptosis was evaluated by staining with Annexin V-7AAD (A), cell viability by cell counting with Trypan blue exclusion (B), and cell cycle by propidium iodide staining (C). Graphs are representative of 3 independent experiments, each conducted in triplicate. Figure 8 . Phospho-kinase array analysis of pro-B-lymphoblastic cells exposed to H 2 O 2 . A, B) Whole cell lysates were prepared from pBB-PLCb1b and pBB-ev cell lines, untreated or treated with 250 mM H 2 O 2 for 1 h, respectively, and hybridized with a PhosphoKinase array kit. Spot densities of phospho-proteins were quantified using ImageJ software and normalized to those of positive controls on the same membrane. **P , 0.01, ***P , 0.001. C) Cells (pBB-PLCb1b and pBB-ev; 1 3 10 7 ) were treated with 250 mM H 2 O 2 for 0.5, 2, 4, 6, 24, and 48 hours or left untreated. Cell lysates (80 mg) were separated by 10% SDS-PAGE and immunoblotted with specific antibodies directed against: PKR (1 mg/ml, 2 hours), p-PKR (T451) (1:1000, overnight), Akt (1:1000, overnight), p-Akt (S473) (1:1000, overnight), PTEN (1:1000, overnight), p-PTEN (S380/T382/T383) (1:1000, overnight), Erk1/2 (1:1000, overnight), p-Erk 1/2 (T202/T204) (1:1000, overnight), and GAPDH (1:8000, 1 hour).
pBB-PLCb1b cells to arrest in G0/G1. Our hypothesis is that PI-PLCb1b regulation on the cell cycle overwhelms the effect of H 2 O 2 , thus prolonging cell survival. In terms of contrasting the negative side effects associated with oxidative stress, for example, in radiotherapy and chemotherapy, where the production of intracellular ROS likely affects healthy cells, the role of PI-PLCb1b could be considered promising: the enzyme activation may correlate with the use of antioxidants or ROS scavengers to counteract the intracellular ROS production. However, a diminished expression of p53 associated with an increase of Akt activation, which was observed in PI-PLCb1b expressing cells, might correspond with the Warburg effect, leading cells to transformation and tumor proliferation. In the case of leukemic cells, therefore, the expression of PIPLCb1b in response to oxidative stress could be interpreted as favorable to the tumor, spanning oncogenic cell lives. Further investigations are required to determine whether PI-PLCb1b can be used as a sentry for tumors treated against ROS. The PI-PLCb1b signaling axis can be adequately targeted for therapeutic purposes in leukemia. Figure 9 . Inhibition of Akt induces the arrest of the cell cycle in pBB-PLCb1b cells. Cells (pBB-PLCb1b and pBB-ev; 5 3 10 6 in a 12-multiwell plate) were treated with 1 mM MK-2206 for 1.5 hours, and then 250 mM H 2 O 2 was added for 24 hours. Apoptosis was evaluated by staining with Annexin V-7AAD (A), cell viability by cell counting with Trypan blue exclusion (B), and cell cycle by propidium iodide staining (C). Graphs are representative of 3 independent experiments, each conducted in triplicate.
